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Abstract

As COMS devices are scaled aggressively into nanometer regime, the conventional
Si02 or SiON gate dielectrics are approaching their physical and electrical limits. The
major issue is the intolerably huge leakage current caused by the direct tunneling of
carriers through the ultrathin oxide. High permittivity materials as gate dielectrics have
been proposed to offer thicker dielectric physical thickness with the desired equivalent
oxide thickness in electrical properties and Hf-base high-k gate dielectrics have been
recognized as the most promising candidates. However, the Hf-based high-k gate
dielectrics are known to suffer from the reliability concern of threshold voltage
instability due to the charge trapping and de-trapping in the pre-existing bulk traps in
Hf-based high-k gate dielectrics. On the other hand, in order to retard the downscaling
of Si based CMOS device, mobility enhancement is one of the most useful methods.
Mobility enhancement techniques represent an effective and essential way to reduce Vyq
and resulting power consumption without losing circuit performance.

First, one of the most popular mobility enhancement technologies is using high
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tensile-stress contact etch stop layer (CESL), which can obviously improve electron
mobility and Iox for ntMOSFETs. The basic electrical properties and the charge trapping
condition of strain effect are investigated in nMOSFETs. Next, the physical mechanisms
of charge trapping and de-trapping can be investigated by fitting the data of the
threshold voltage shifts versus stress/recovery time in nMOSFETs and pMOSFETs.
Final, the basic electrical properties and the negative bias temperature instability of
fluorine effect are investigated in pMOSFETs. Moreover, the fast charge trapping is

investigated by pulsed I-V measurement.

iv



TABE AR FAALE AR EEF g B4 EFREY

P R Y TR R

N
an
E:D
[
=

(\x
el
(7

34

cke

I

=

x

&)
oy

)

3
\l,m_

£

i

R > 4 BAZF RS .

TREL WA A i A RAL RGP > H T BN
At AT g L T e P AL B A Rk o R A NDL hR AR Sz
L AREF BRI SR F AL (L AR RIS TR E L DFIE 0 SR S
fle Ay o

FHAHRETOFTELP Py B P N E S R A s R dRL B
TR AP % ok E L B R a0 AN b P R S R e
E-ALLNFRIFETT 2 FF RV HECBEHRFP 0 TS
e A El 2 F L AR ERCEHE ST R M U
P~ SRR RE DG 4 { it o

Bofs o R 2 o AL E X P - Bt $F o BRAN ST
B MBI R R MR > - AL L & k> A ETais A E el o %
BENERE - A2 R E B AR B JUE A ] s ek B 0 B A5

B IR e A % o



Contents

ADbStract (ChiNESE) —-------mmmmmmmmmmm e i
Abstract (English) - - iii
ACKNOWIEAGEMENTS ~--mmmmm e v
CONEENTES —m e vi
Table CapPtioNS -------ommmmmmm e ix
Figure Captions —-------meemmmmm e X

Chapter 1: Introduction

1.1 Hf-base High-k Gate Dielectric -------========---==mmmmmm oo 1
1.2 Threshold Voltage Instability in the high-k Gate Dielectrics ------------- 2
1.3 Dissertation Organization =========-========mm = 4

Chapter 2: Contact etchant stopping layer in nMOSFETSs with

HfO2/Si02 High-k Gate Stacks

2.1 Introduction ====mmmmmm e e e e 10
2.2 Device Fabrication ----==========mm oo 11
2.3 Basic Characteristic -=----========mm==mm oo 11
2.4 Positive Bias Temperature Instability (PBTI) stress --------------------- 12
2.5 Pulsed I-V Techniques and Fast Trap Behaviors ------------------————-—- 14
2.6 SUMMATY === mmm e o oo e e e 15

vi



Chapter 3: Bias Temperature Instability in nMOSFETs with

HfO2/SiON High-k Gate Stacks

3.1 Introduction ==========mm oo 28
3.2 Device Fabrication ---=---======-=mm oo 29
3.3 Electron trapping behaviors during stress in high-k gate dielectric ---29

3.4 Electron De-trapping Behavior during the Stress/Recovery Cycles in

High-k Gate Dielectric -=---==========mmmm oo 33
3.5 Fast Electron Trapping Behavior in High-k Gate Dielectric ----------- 36
3.6 SUMMATY ~=-- = mmm e o oo o e e 37

Chapter 4: Constant Voltage Stress and Negative Bias
Temperature Insatiability Stress in pMOSFETSs with

HfO2/SiON High-k Gate Stacks and the Effects of Fluorine

incorporation
4.1 Introduction =-=======m e e 55
4.2 Device Fabrication ------=---===---om oo 56

4.3 Hole Trapping Behaviors during Stress in High-k Gate Dielectric ---56
4.4 Hole De-trapping Behavior during the Stress / Recovery Cycles in

High-k Gate Dielectric -=----====-===mmmmm oo 58
4.5 Fluorine Incorporation ---=---========-m e e 59
4.5 Fluorine Incorporation ---==--========mmmmm oo 60
4.7 SUMMATY === === == o m oo oo e e 61

vii



Chapter 5: Conclusions and Suggestions for Future Work

5.1 ConcCluSIONS ======== == m = m oo e

5.2 Suggestions for Future Work -------==--==-~=c oo

viii



Table Captions

Chapter 1

Table 1-1 Summarized material and electrical properties of various selected high-k gate
dielectrics. 8

Chapter 3

Table 3-1 The three parameters, AVmax, Tco, and vy, extracted by fitting under various

stress voltages. 39

ix



Figure Captions

Chapter 1

Fig.1-1 (a) High-Performance Logic: Jgiimit versus simulated gate leakage current

density for SiON gate dielectric. (b) LSTP: Jglimit versus simulated gate

leakage current density for SION gate dielectric. 7
Fig 1-2 Bandgap and band alignment of various high-k gate dielectrics with respect to
silicon. The dashed line represents 1 eV above/below the conduction/valence

bands, which indicate the minimum barrier height to suppress the gate leakage

current. 9
Chapter 2
Fig. 2-1 The structure of the devices in strained and unstrained samples. ---------------- 18

Fig. 2-2 (a) 14-V, and (b) Gu-V, curves of nMOSFET with dual-layer HfO,/SiON

high-k gate stack in different capping nitride layers. 19

Fig. 2-3 14-Vq4 curves of nMOSFETs with dual-layer HfO,/SiON high-k gate stack in

different thickness of capping nitride layers. 20

Fig. 2-4 Ip-Viase curves of nMOSFETs with dual-layer HfO,/SiON high-k gate stack in

different thickness of capping nitride layers. 20

Fig. 2-5 Gmmax-Lgate curves of nMOSFETSs with dual-layer HfO,/SiON high-k gate stack

in different thickness of capping nitride layers. 21
Fig. 2-6 Threshold voltage shift of nMOSFETs as a function of the stress time in

difference thickness of capping nitride layers. 22

Fig. 2-7 In(Jo/Eesr) as a function of Eeffl/z in the (a) unstrained and (2) strained devices.

The trapped energy levels can be obtained by y-axis intercept. ----------------- 23



Fig. 2-8 In(Jo/Ees) as a function of Eeffl/z in the unstrained and strained devices. The

barrier heights can be obtained by the slopes. 24
Fig. 2-9 The drain current degradation of nMOSFETs as a function of the

stress/recovery time with a fixed stress/recovery voltage +2.0V/OV in

difference thickness of capping nitride layers. 25
Fig. 2-10 14-V4 curves of (a) unstrained (b) SiN = 200nm (c) SiN = 300nm devices by

two measurement methods: DC ramp and pulsed I-V and (d) the distribution

of drain current degradation under different conditions. 26
Fig. 2-11 Igs as a function of stress time ranging several nanoseconds to 100ns by

single pulse measurement. 27

Chapter 3

Fig. 3-1 (a) the gate leakage current density and (b) the subthreshold slop as a function

of stress time for nMOSFETs under static stress at various gate bias

voltages. 40
Fig. 3-2 The threshold voltage shift as a function of stress time for nMOSFETs under

static stress at various gate bias voltages. 41

Fig. 3-3 The characteristic capture time constant under various gate bias voltages. ----41
Fig. 3-4 The trapped charge density distribution versus capture time under different

stress voltages. 42

Fig. 3-5 The ratio of early traps to fast traps under various gate bias voltages. ---------- 42
Fig. 3-6 The drain current degradation as a function of stress time for nMOSFETs under

static stress at various gate bias voltages. 43

Fig. 3-7 (a) The threshold voltage shift as a function of stress time for HfAIO high-k
gate dielectric under static stress at various gate bias voltages. (b) The

characteristic capture time constant under various gate bias voltages. --------- 44

X1



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3-8 The threshold voltage shift as a function of stress time for nMOSFETs under

static stress at various temperatures. 45
3-9 The charge pumping current as a function of base voltage of fresh and stressed

conditions under various stress temperatures. 45

3-10 The threshold voltage shift as a function of stress time for nMOSFETs under

static stress at various dimensions. 46

3-11 The drain current degradation (Algsa/ laosat) can be linearly transformed with

the threshold voltage shift (AVr). 47
3-12 The drain current degradation for nMOSFETSs under static stress/recovery time

with a fixed stress voltage Vg=+2.0V and various recovery voltages Vg =+1.4

~-1.4V. 48

3-13 (a) The threshold voltage shift as a function of stress time for HfO, high-k
gate dielectric under recovery at various recovery voltages. (b) The
characteristic emission time constant under various recovery voltages. ------ 49

3-14 The trapped charge density distribution versus capture time under different

stress voltages. 50

3-15 The drain current degradation for nMOSFETs under static stress / recovery

time with various voltages V,=+1.5~2.5V and a fixed recovery voltage V, =

oVv. 51

3-16 (a) The threshold voltage shift as a function of stress time for HfO, high-k
gate dielectric under recovery at various stress voltages. (b) The characteristic

emission time constant under various stress voltages. 52

3-17 The drain current degradation for nMOSFETSs under static stress/recovery time
with a fixed stress voltage V,=+2.0V and various recovery voltages V, =+0.7

~-2.0V. 53

3-18 I4-V4 curves under (a) 25°C (b) 50°C (¢) 75°C (d) 125°C by two measurement

Xii



methods: DC ramp and pulsed I-V. 54

Chapter 4

Fig. 4-1 The charge pumping current as a function of top voltage of fresh and stressed

conditions. 63
Fig. 4-2 (a) The threshold voltage shift as a function of stress time for HfO, high-k gate
dielectric under static stress at various gate bias voltages. (b) The characteristic

capture time constant under various gate bias voltages. 64

Fig. 4-3 The threshold voltage shift as a function of stress time for pMOSFETs under

static stress at various temperatures. 65

Fig. 4-4 The charge pumping current as a function of top voltage of fresh and stressed

conditions under various stress temperatures. 65
Fig. 4-5 The threshold voltage shift for pMOSFETs under static stress/recovery time
with a fixed stress voltage Vy=-2.0V and various recovery voltages V, =0~

1.OV. 66

Fig. 4-6 (a) The threshold voltage shift as a function of stress time for HfO, high-k gate

dielectric under recovery at various recovery voltages. (b) The characteristic

emission time constant under various recovery voltages. 67
Fig. 4-7 The threshold voltage shift for pMOSFETs under static stress/recovery time

with various recovery voltages V,=-2.0~-3.0V and a fixed stress voltage V,

=1.0V. 68
Fig. 4-8 (a) The threshold voltage shift as a function of stress time for HfO, high-k gate

dielectric under recovery at various stress voltages. (b) The characteristic

emission time constant under various stress voltages. 69
Fig. 4-9 (a) 13-V, and (b) Gm-V, curves of pMOSFETs with dual-layer HfO,/SiON

high-k gate stack in the devices with fluorine and without fluorine. ---------- 70

xiii



Fig. 4-10 I4-V4 curves of pMOSFETs with dual-layer HfO,/SiON high-k gate stack in

the devices with and without fluorine. 71

Fig. 4-11 I¢p-Viop curves of nMOSFETs with dual-layer HfO,/SiON high-k gate stack in

the devices with and without fluorine. 71
Fig. 4-12 The threshold voltage shift as a function of stress time for pMOSFETs under

NBT stress in the devices with and without fluorine. 72

Fig. 4-13 The charge pumping current under fresh and stressed conditions in the devices

with and without fluorine. 73

Fig. 4-14 Nonalized high-k trap density (Npx(stressed)/ Nux(fresh)) as a function of

frequency in the devices with and without fluorine. 74
Fig. 4-15 I4-V4 curves under (a) 25°C (b) 50°C (¢) 75°C (d) 125°C by two measurement

methods: DC ramp and pulsed I-V. 75

Fig. 4-16 14-V4 curves in the devices (a) without and (b) with fluorine by DC ramp and
pulsed I-V measurement. [4-V4 curves in the device (¢) without fluorine and

(d) with fluorine after stress by DC ramp and pulsed I-V measurement. ----- 76

Xiv



Chapter 1

Introduction

1.1 Hf-base High-k Gate Dielectrics

According to Moore’s law, the continuous downscaling of the dimension of Si based
CMOS device has approaching the physical limit of conventional SiO,-based ultrathin
oxides. In recent years, the equivalent oxide thickness of silicon oxynitride SiON has
reduced below 2.0 nm that lead to the serious concerns gate dielectric integrity,
reliability issues, and stand-by power consumption. However, one of the major
challenges to overcome is the rapidly-increasing tunneling gate leakage current with the
downscaling of the equivalent oxide thickness. From ITRS roadmap in Fig. 1-1 [1], the
two Jg of LSTP and high-performance logic curves cross shortly before or at 2008, and
hence, for 2008 and beyond, the leakage current limit cannot be met using silicon
oxy-nitride because of direct tunneling.

In order to solve the tunneling current and power consumption in the ultrathin
oxides, high permittivity materials as gate dielectrics have been proposed to offer
thicker dielectric physical thickness with the desired equivalent oxide thickness in
electrical properties. Table 1-1 summarizes the electrical properties of several high-k
materials [2], and Fig. 1-2 the bandgap and band offset of these high-k materials with
respect to Si [3]. Among these investigated high-k gate dielectrics, Hf-base high-k gate
dielectrics have been recognized as the most promising candidates due to their moderate
dielectric constant (20~25), large energy bandgap (5.7~6.0eV), high conduction band
offset (1.5~1.9eV), excellent thermal stability on the Si substrate (950°C). However,

several issues in high-k technology are believed to retard its development such as



mobility degradation as a result of soft optical phonon scattering and threshold voltage
instability by charge trapping and de-trapping.

On the other hand, mobility enhancement techniques represent an effective and
essential way to reduce Vgy¢ and resulting power consumption without losing circuit
performance. One of the most popular technologies is using high tensile-stress contact
etch stop layer (CESL), which can obviously improve electron mobility and loy for

NMOSFETs [4].

1.2 Threshold Voltage Instability in the High-k Gate Dielectrics

Compared with SiO, and SiON, there are plenty of pre-existing bulk traps in the
high-k gate dielectrics, and this is an intrinsic issue related to specific properties or
crystal structure of high-k gate dielectrics, despite the deposition technique or process
condition. Because of this characteristic, the pre-existing high-k bulk defects could lead
to undesired transport through the dielectrics inducing gate leakage. Moreover, charge
trapped by these defects would cause the continued threshold voltage shift, drain current
and transconductance degradation during operation. As the gate bias is positive
(negative), the injected electrons (holes) through the interfacial oxide would be trapped
by the pre-existing bulk defects of the HfO, layer. As the gate bias is negative (positive),
these trapped electrons (holes) would be relaxed through the interfacial oxide to the Si
conduction band in high-k nMOSFETSs.

According to the threshold voltage shift and the drain current degradation of the
high-k devices during operation, we could build the models which can fit the
experiment results and conform to the physical mechanisms of charge trapping and
de-trapping. There have been many models built in recent years. Zafar et al. predicted

that VVt would shift with power law dependence in the initial stages of stressing whereas



Vt would become constant at long stressing times [5]. Shanware et al. predicted that Vt
would shift with logarithmic dependence [6]. These models above would be built by
static 1d-Vg measurement, and therefore the detected charge carriers in high-k gate
dielectrics would only belong to slow traps.

As has been reported recently, the charge trapping in high-k gate dielectrics comprise
slow and fast trapping processes. The slow high-k traps have been widely discuss from
the hysteresis of C-V curves and the threshold voltage shift of static 1d-Vg
characteristics. Moreover, the fast high-k traps have been proposed to investigate by the
pulse I-V technique and charge pumping method. It is reported that the fast electron
trapping is a significant source of device DC performance degradation [7]. The fast
high-k traps can instantly capture and emit the charge carriers by tunneling through the
thin interfacial oxide [8]-[11]. The tunneling model through the thin interfacial oxide is
similar to that of tunneling into near-interface oxide traps in the heavily-irradiated SiO,
that has already been studied and proposed [12] [13]. These near-interface oxide traps
are defined as the oxide traps located near the interface that can instantly exchange
charge carriers with underlying Si substrate through direct tunneling [14] [15].

This thesis will concentrate on analyzing the data to better understand the
fundamental characteristic and the physical mechanisms of charge trapping and
de-trapping in Hf-based high-k gate dielectrics. Moreover, the strain effect and the

fluorine effect are also investigated completely.



1.3Dissertation Organization

The organization of this dissertation is briefly described below. Chapter 2 studies the
basic characteristics and reliability discussion of strain effect by CESL. The fast trap
behavior is discussed under strain effect. Chapter3 discusses the electron trapping and
de-trapping behavior under positive bias temperature instability (PBTI) and dynamic
PBTI stress. The electron trapping/de-trapping model and the meaning of the parameters
by fitting are discussed. The fast trap in nMOSFETs is discussed under various
temperatures. Chapter 4 discusses the hole trapping and de-trapping behavior under
constant voltage stress (CVS) and recovery. The hole trapping/de-trapping model and
the meaning of the parameters by fitting are discussed. The basic characteristics and
negative bias temperature instability discussion of fluorine effect are discussed. The fast

trap in pMOSFETs is discussed under various temperatures and fluorine effect.
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Dielactric Diglectme Bandgap  Conduction  Leakage curmrent Thermal stability wart
corstant (bulk) €V)y  band offset  reduchion wat. silicon (MELS data)

(eV) 50,

Stlicon dioxide (Si0,) 39 9 35 N/A >1050°C
Silicon nitride (SiN,) 1 53 24 >1050°C
Aluminum oxide (ALO,) ~10 88 28 10°-10°% ~1000°C, RTA
Tantulum pentoxide (Ta,0,) A 44 0.36 Not thermodynamically

stable with silicon
Lanthanum oxide {La,0, ) ~21 6 23
(Gadoliniom oxide {Gd,0,) ~12
Yttrium oxide (Y,0,) ~15 6 23 1010 Silicate formation
Hafnivm oxide {Hf0,) ~20 6 15 10°-10°x ~950°C
Zirconium oxide (Zr0,) ~13 5.8 14 10*-10°x ~900°C
Strontiom titanate {SrTi0,) 33 -0.1
Zirconum silicate (ZrSi0, ) 6 L5
Hafnium silicate (HfSi0,) 6 15

*Estimated value

Table 1-1 Summarized material and electrical properties of various selected high-k gate

dielectrics [2].
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Chapter 2
Contact etchant stopping layer in nMOSFETSs
with HfO,/SIO, High-k Gate Stacks

2.1 Introduction

As conventional SiO-based ultrathin oxides are scaling down, the rapidly-increasing
tunneling gate leakage current has been a major challenge. In order to retard the
downscaling of Si based CMOS device, mobility enhancement is one of the most useful
methods. Mobility enhancement techniques represents an effective and essential way to
reduce Vdd and resulting power consumption without losing the circuit performance,
relieving the burden of gate dielectric scaling. There are many methods of mobility
enhancement: a) channel-strain engineering, b) substrate and channel orientations ((100)
or (110)), and c¢) new channel materials (SiGe, Ge and IllI-V). The channel-strain
engineering comprises biaxial and uniaxial strain (tensile or compressive). The biaxial
tensile strain uses the technique of the so-called SiGe-relaxed buffer or virtual substrate
[1]-[3]. Recently, this technique has also been successfully implemented on SOI wafers
[4]. In contrast, it is difficult to fabricate a biaxial compressive strain in silicon; it’s very
beneficial effect to holes has been demonstrated with SiGe channels in [5]. The uniaxial
tensile strain in the channel can be produced with SiC epitaxial source—drain regions
and with the contact-etch-stop-layer (CESL) nitride layer. The uniaxial compressive
strain can be obtained with SiGe epitaxial source—drain regions [6], with a SiGe stressor
located under the channel region [7], and with CESL. The contact-etch stop layer nitride
layer can induce both tensile strain for nMOSFETs and compressive strain for

PMOSFETSs, so that dual stress liner with SiN capping is one of the most popular

10



techniques of mobility enhancement.

In this chapter, the high-k NMOSFETSs with the contact-etch-stop-layers that induce
tensile strain in the channel are introduced. The strain effect can be realized by basic
characteristics in section 2.3. In section 2.4, the difference of the charge trapping
between the stained and unstrained devices will be studied during the positive bias
stress. Finally, the transient charge carriers in stain effect will be analyzed by pulsed I-V

techniques in section 2.5.

2.2 Device Fabrication

NMOSFET devices with the poly-Si/HfO,/SiON high-k gate stacks were fabricated
using the standard CMOS process technology. The interfacial oxide (~1.0 nm) was
formed by oxide rapid thermal anneal (RTA) at 800°C in N,O ambient with 30s,
followed by the deposition of the HfO, (~3.0 nm) high-k gate dielectric using atomic
layer deposition (ALD) technique. The 200 nm poly-Si was deposited by low pressure
chemical vapor deposition (LPCVD). After gate definition, spacer formation, and S/D
implantation, the tensile strain induced by SiN capping layer was deposited by plasma
chemical vapor deposition (PECVD). The capping nitride layers were divided into three
kinds of thickness such as 200 nm, 300 nm and without SiN. The equivalent oxide
thickness of above mentioned high-k gate stack was extracted to be 2.0~2.5 nm by

using C-V measurement. The structure of the devices are shown in Fig. 2-1

2.3 Basic Characteristic
Fig. 2-2 (a) (b) show I4-Vy and Gu-Vy curves of nMOSFETs with dual-layer

HfO,/SION high-k gate stack in different thickness of capping nitride layers. From
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Id-Vg curves, as the thickness of capping nitride layer was thicker, drain current would
be larger. In Gy-V4 curve, the same phenomenon would also be occurred. Turn-on
current which varies with gate voltage also represented larger in thicker nitride layer in
Fig. 2-3. The reason of improvement of the stained devices is mobility enhancement as
a result of electron effective mass. The channel stressed by capping nitride layer would
induce the electrons of 2-fold valley with lighter transport effective mass to increase. As
the inverted electrons with lighter effective mass increase, the mobility of the strained
devices will enhance. Fig. 2-4 shows l¢,-Vpase curves by charge pumping method of
nNMOSFETs with dual-layer HfO,/SION high-k gate stack in different thickness of
capping nitride layers. From lcpmax Of lcp-Viase CUrVes, the interface trap density could be
obtained. Moreover, the interface trap density of the strained devices was smaller than
that of the unstrained device because of hydrogen passivation by capping nitride layers
of PECVD. From Fig. 2-5, the Gnmax €nhancement could decrease with gate length

increasing because of CESL belonged to local strain [8].

2.4 Positive Bias Temperature Instability (PBT]I) stress

Threshold voltage instability induced by charge trapping has been recognized as one
of the critical reliability issues in high-k gate dielectrics, especially for nMOSFETSs
under substrate electron injection conditions [9]. Fig. 2-6 shows threshold voltage shift
of nMOSFETs as a function of the stress time in difference thickness of capping nitride
layers. The V; shift of strained devices showed more serious than that of unstrained
devices. Moreover, thicker capping nitride layers would increase more V; shift. The
physical mechanism or the modeling of the fitting lines in Fig. 2-6 will be discussed in
chapter 3. In order to confirm the reason of the more V; shift of the strained devices, the

comparing of trapped energy level by Frenkel-Poole (F-P) fitting and the barrier height
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for electrons from Si substrate by Fowler-Nordheim (F-N) tunneling fitting between the
unstrained and the strained devices should be extracted. Fig. 2-7 shows In(Jc/Eeff) as a

function of Ee'?

in the (a) unstrained and (b) strained devices. The curves of the two
plots followed Frenkel-Poole emission as indicated by a good linear fit to the
experimental data. Then, the trapped energy levels could be obtained from the y-axis
intercept (Eqg. (2.1)). It could be found that almost the same trapped energy levels of the
unstrained and strained devices. Fig. 2-8 shows the In(Jo/Eeff) as a function of 1/Eqs in
unstrained and strained devices. The slops of the lines fit to the experiment data could
be obtained the barrier height (Eqg. (2.2)). The similar slope represented the similar
barrier height in unstrained and strained devices. Thus, the trapped energy level and the
barrier height for electrons from Si substrate are not change by strain. It can be assumed
that the more V; with increasing capping nitride layer is due to the generated bulk traps
of HfO, by stain. Moreover, the thicker capping nitride layer represents the more

generated bulk traps of HfO,.

Frenkel-Poole emission:

-q(®; - \/aqux /775Hfoz €o
kT

Sio,

&
);B=auNja=—

Ehiro,

J=B-a-E, -exp(

—q./aq/ ze . £
In(J/E, ) = qkT .50 g —[%Hn(aB)} 2.1)

F-N tunneling: J ~ E2 -exp(-B/E,,)

8z(2qm”)Y?

ah o2 (2.2)

B(slope) = -
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Fig. 2-9 shows the drain current degradation of nMOSFETs as a function of the
stress/recovery time with a fixed stress/recovery voltage +2.0V/0OV in difference
thickness of capping nitride layers. From every single line in Fig. 2-9, the charge
trapping and de-trapping behavior changed since the trapped charge had not been
completely removed at weak recovery voltages during previous recovery cycles.
Moreover, the trapped electrons and the residual electrons during stress/recovery time of
strained device would induce more drain current degradation than that of unstrained

device.

2.5 Pulsed 1-V Techniques and Fast Trap Behaviors

Fig. 2-10 shows 14-Vq4 curves of (a) unstrained (b) SIN = 200nm (c) SiN = 300nm
devices by two measurement methods: DC ramp and pulsed I-V. The measurement time
of the conventional DC ramp measurement is about several milliseconds to seconds.
The pulse width of the pulsed I-V measurement we used is 100ns and raising/falling
time is 20ns. Thus, the different of Iy by two methods could be the charge loss with
the capture time ranging from 100ns to several milliseconds. The charge loss decreased
in thinner capping nitride layer device and increased in thicker capping nitride layer
device. The behavior of these fast traps would be a little different from that of the slow
traps by PBTI measurement. It can be assumed that the hydrogen passivation is
dominant in thinner capping nitride layer device and the trap generation is dominant as
the capping nitride layer is thicker. Fig. 2-11 shows lgs: as a function of stress time
ranging several nanoseconds to100ns by single pulse measurement. The detected traps
would be more close to the interface of Si/SION. Thus, the result are almost the same
with the interface state by charge pumping measurement and the reason of the result can

be also assumed the hydrogen passivation.
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2.6 Summary

The contact-etch-stop-layer (CESL) is one of mobility enhancement methods and it
can induce tensile strain to improve mobility for nMOSFETSs. In our data, the strained
devices could improve the electrical characteristics of NMOS, but they would induce
more threshold voltage shift in high-k material. By F-P and F-N tunneling fitting, the
trapped energy levels and the barrier heights of stained and unstrained devices are
almost the same. Thus, we conclude that the strain effect induces bulk traps generated in
HfO,. Form the transient effect by pulsed 1-V, the competition of hydrogen passivation
and trap generated by strain can be found. The charge loss detected by single pulsed
ranging several nanoseconds of strained and unstrained devices represents the interface

states improvement due to hydrogen passivation.
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Fig. 2-1 The structure of the devices in strained and unstrained samples.
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Fig. 2-2 (a) 14-V4 and (b) Gm-V4 curves of nMOSFET with dual-layer HfO,/SiON

high-k gate stack in different capping nitride layers.
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Chapter 3
Bias Temperature Instability in nMOSFETs with
HfO,/SION High-k Gate Stacks

3.1 Introduction

Threshold voltage instability in Hf-based high-k gate dielectrics has been recognized
as one of the most critical reliability issues that need to be solved urgently, especially
for the nMOSFETs under substrate electron injection conditions (positive bias stress)
[1]. The electrons in channel are injected into the pre-existing bulk traps of the HfO,
high-k gate dielectric by tunneling through the thin interfacial oxide. The pre-existing
traps of the HfO, high-k gate dielectric are positioned above the Si conduction band
edge in energy and in the HfO, bulk layer in space. These pre-existing bulk traps are
distributed in a wide range of space and energy [2], thus making the charge trapping
model different from that of conventional SiO, or SiON. Furthermore, the high-k
dielectrics are reversible by charge trapping and de-trapping. Thus, it is found that the
trapped charge carriers could recover to the pre-stress condition after prolonged
recovery time. According to results of the threshold voltage shift and the drain current
degradation with stress/recovery time, the model could be built to fit the data with
reasonable physical mechanism. However, since the charge carriers could be
trapped/de-trapped quickly and easily by applying a forward/reverse bias voltage, the
degradation may be underestimated due to the switching and measuring delays in the
stress/measure cycles [3]. These so-called fast traps would be detected by transient
measurement solving the underestimate of charge trapping in high-k gate dielectrics.

In this chapter, the charge trapping behavior under various voltages, temperature and
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geometrics will be studied in detail to comprehend the physical model in section 3.3. In
section 3.4, the charge de-trapping behavior under various stress voltages and recovery
voltages will be investigated to build the physical model according to the charge
trapping model. Finally, the transient charge trapping behavior will be analyzed by

pulsed I-V measurement.

3.2 Device Fabrication

nMOSFET devices with the poly-Si/HfO,/SiON high-k gate stacks were fabricated
using the conventional CMOS process technology. The interfacial oxide (~ 1.0 nm) was
formed by oxide rapid thermal anneal (RTA) at 800°C in N,O ambient with 30s,
followed by the deposition of the HfO, (~3.0 nm) high-k gate dielectric using atomic
layer deposition (ALD) technique. The 200 nm poly-Si was deposited by low pressure
chemical vapor deposition (LPCVD). After gate definition, spacer formation, and S/D
implantation, the capping layer was deposited by plasma chemical vapor deposition
(PECVD). The equivalent oxide thickness of above mentioned high-k gate stack was

extracted to be 2.0~2.5 nm by using C-V measurement.

3.3 Electron trapping behaviors during stress in high-k gate dielectric
Fig. 3-1 shows (a) the gate leakage current density and (b) the subthreshold slop as a
function of stress time for nMOSFETs under static stress at various gate bias voltages.
The gate leakage current density increases with stress voltage. The symbols in Fig. 3-1
(a) are the measurement data and the solid lines are power law fits to the results. Since
J; 1s observed to decrease with stress time, it implies that no new traps in the bulk are

created during stressing. The subthreshold slope remains constant with stress time
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regardless of stress voltage. Since interfacial trap density can be detected by
subthreshold slope, it is concluded that no new interfacial traps are created during
stressing. Therefore, creation of additional new traps during stressing is assumed to be
negligible. Thus, it implies that the electron trapping and de-trapping behaviors are
occurred in the pre-existing traps of the HfO, gate dielectric.

Fig. 3-2 shows the threshold voltage shift as a function of stress time for nMOSFETs
under static stress at various gate bias voltages. The threshold voltage shift in this study
is determined from the static I4-V, characteristics. The symbols in Fig.3-2 are
measurement data and the solid lines are the fits to the results using the physical model
proposed by Zafar et al. The model assumes that the injected charge carriers are
captured with dispersive capture time constant in the pre-existing bulk traps of the
high-k gate dielectrics without additional new traps generated during the static stress.
The operation process of the model that is a little different from that by Zafar et al. is

showed as followings:

dnT — (Nt =)

- 3.1
dt 7, G-h
T t t
n, = Nm[l—jp (z,) -exp(——)-dz’c} = Ntot{l—exp(—(—)y)} (3.2)
NtOI TC TCO
t y g- Ntot * Xt
AV; =AV_ |1—exp(-(—)")| where AV, =— 9 " (3.3)
7, £-area

However, the modeling equation (3.3) of the model is the same with that of Zafar’s
model.
Where nr is the trapped charge density, p(t.) is the trapped charge density per second

with continuous capture time constant, Ny is the total density of traps of the HfO, gate
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dielectric, 1./t is the capture time constant/characteristic capture time constant, t is the
stress time, vy is the distribution factor of p(t.) versus capture time constant, AV . is the
maximum threshold voltage shift, q is the magnitude of electronic charge, x.¢ is the
centroid of trapped charge, area is the gate area, and € is the permittivity of the
dielectric.

By Eq. 3.3, the three parameters (AVmax, ¥, and Tco) that well describe the behavior of
charge trapping would be obtained by fitting the symbols of Fig. 3-2. These parameters
would be dependent on stress voltage with trends in Table 3-1. First, the maximum V;
shift dependent on Ny, and Xes (q, € and area are fixed values) increased with
increasing stress voltage. However, N had been assumed a fixed value in the original
of the model used in SiO, [4]. Then, the ratio of AV ax of 3.0V to AV of 1.5V 8:1
would be equal to the ratio of X.s of 3.0V to Xes of 1.5V. This is inconsistent with
physical principle because the maximum ratio of total thickness of the gate dielectrics to
the thickness of SiON is smaller than 8:1. Thus, it could be assumed that the total
density of traps (Ni) would be a function of stress voltage and Ny increased with
increasing stress voltage. The total density of traps truly represents the maximum
density of traps that can be filled by charge carriers under specific stress voltage. Next,
it is inconsistent with Zafar’s previous work in the y factor which is only dependent on
high-k materials. However, the decreasing y factor with increasing stress voltage that is
consistent with our results has been reported by using power law fitting method in [5].
Therefore it is probable that the y factor is dependent not only on high-k materials but
also on stress voltage. The smaller y factor under higher stress voltage represents the
wider distribution of the capture time. According to above mentions of Ny and v, the
trapped charge density distribution versus capture time under different stress voltages
could be predicted and roughly plotted in Fig. 3-4 [6]. In the first stage of the each curve

in Fig. 3-4, the increasing charge density along increasing capture time would be due to
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the capture time increasing with stress time. Then, the each curve of Fig. 3-4 would
reach the maximum value and become decay with capture time because the trapped
electrons could build an energy barrier that induced the electrons injecting to high-k
gate dielectric harder. Finally, the maximum trap density would be fully filled by
electrons and the V; shift would reach a constant. At last, the characteristic capture time
constant would decrease with increasing stress voltage in Fig. 3-3due to the increasing
injected charge carriers. Thus, the “early trapped” (0~ 1s) charge carriers would
increase with increasing stress voltage demonstrated in Fig. 3-5.

The same fitting model could be used in the drain current degradation under various
stress voltages in Fig. 3-6 and the trends of the parameters would be the same with the
results of threshold voltage shift. Moreover, Fig. 3-7 (a) shows the threshold voltage
shift as a function of stress time for HfAIO high-k gate dielectric under static stress at
various gate bias voltages. Fig. 3-7 (b) shows the characteristic capture time constant
under various gate bias voltages. The results showed the same trends in the three
parameters with the HfO, high-k gate dielectric and could be fitted by the same model.
Comparing with the y factor of the HfO, gate dielectric under the same voltage, y varies
with different high-k materials and that is consistent with the Zafar’s previous work.

Fig. 3-8 shows the threshold voltage shift as a function of stress time for nMOSFETs
under static stress at various temperatures. The V; shift decreased with increasing stress
temperature. The reason can be suggested that the de-trapping mechanism is dominant
under higher stress temperature. Although the V; shift seemed to slow down under
higher stress temperature, the generated interface trap density measured by CP degraded
more serious in Fig. 3-9. Fig. 3-10 shows the threshold voltage shift as a function of
stress time for nMOSFETSs under static stress at various dimensions. The V; shift with
stress time would be dependent on gate length, but independent on gate width.

Moreover, the increasing gate length increased the V; shift. The phenomenon can be

32



suggested that larger gate length with smaller source/drain overlap ratio induces more V;
shift because the electric field in the S/D overlap region smaller than that in the channel

under the positive stress voltage.

3.4 Electron De-trapping Behavior during the Stress/Recovery Cycles
in High-k Gate Dielectric

Fig. 3-12 shows the drain current degradation for nMOSFETs under static
stress/recovery time with a fixed stress voltage V,=+2.0V and various recovery voltages
V, =t1.4~-1.4V. Under strong recovery voltage such as V,=-1.4V, almost all the
trapped electrons in the HfO, traps could be de-trapped. As the recovery voltage was
weaker, the residual electrons that couldn’t be de-trapped become more. Fig. 3-13 (a)
shows the recovery region of Fig. 3-12. The symbols are measurement data and the
solid lines are the fits to the results using the physical model that is built according to
Zafar’s charge tapping model. The recovery model assumes that the trapped charge
carriers emit with dispersive emission time constant in the pre-existing bulk traps of the

high-k gate dielectrics. The operation process of the model is showed as followings:

dng, _ (nde,MAX —Nge)

34
dt 7, 34
p(z,) t t .,
Nge = Nge,max 1- | —"~-exp(-—)-dz, |=n, ,MAX 1—exp(—(—)")
’ ’ J. nde,MAX Z-e : ’ TeO (35)
Where nde,MAX = nde,MAX (V G,stress’VG,recovery)
t
AVT = AVmax - AVde = AVresidue + AVde,MAx ' eXp|:— (T_)7j|
e0
‘n . X ‘n . X
Where Avmax — q T,MAX eff ,Avde ax = q de,MAX eff (36)
g-area ’ g -area
AVresidue = AVmax - AVde,MAX
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Where nge 1s the de-trapped charge density, p(te) is the de-trapped charge density per
second with continuous emission time constant, ngemax is the maximum density of
de-trappied charge carriers as a function of recovery and stress voltage, 1./t 1S the
emission time constant/characteristic emission time constant, t is the stress time, v is the
distribution factor of p(t.) versus emission time constant, ntymax is the total density of
trapped charge carriers after one thousand seconds stress under stress voltage Vg=2.0V,
€ is the permittivity of the dielectric, and x.s is the centroid of trapped charge during

stressing.

t
~ V4
Al d,sat / IdO,sat ~ Al residue T Al de,MAX eXp|:— (T ) i|

e0

(3.7)

The drain current degradation (Algsa/ laosat) can be linearly transformed with the
threshold voltage shift (AVr) from Fig. 3-11. Thus, the modeling equation can be
obtained in Eq. (3.7). The four parameters (Aljemax, Alresidues ¥, and te) that can well
describe the behavior of charge de-trapping are obtained by fitting the symbols of Fig.
3-13 (b). First, the sum of Aljemax and Alyesigue under various recovery voltages would
be a fixed value due to the same stress condition. Algemax increased with the stronger
recovery voltage due to the ngemax as a function of recovery voltage and increasing
with increasing recovery voltage that would be similar to Ny of charge trapping model.
Moreover, Alsiqe decreased with the stronger recovery voltage due to the decreasing
residual trapped electrons of HfO, gate dielectric. Next, the y factor decreases with the
stronger recovery voltage. The smaller y factor under stronger recovery voltage
represents the wider distribution of the emission time of the de-trapped charge carriers.
According to above mentions of ngemax and 7y, the de-trapped charge density

distribution versus emission time under different recovery voltages could be also
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predicted and roughly plotted in Fig. 3-14 which would be almost the same with Fig.
3-4 of charge trapping. At last, the characteristic emission time constant would decrease
with stronger recovery voltage in Fig. 3-14. That’s because the trapped electrons with
energy above the Si conduction band become more under stronger recovery voltage and
the trapped electrons with energy higher than Si conduction band can emit more quickly
than those with energy lower than the Si conduction band [1].

Fig. 3-15 shows the drain current degradation for nMOSFETs under static
stress/recovery time with various voltages V,=+1.5~2.5V and a fixed recovery voltage
V, =0V. Under stronger stress voltage and the same recovery voltage, the residual
electrons that couldn’t be de-trapped become more. Fig. 3-16 (a) shows the recovery
region of Fig. 3-15. The symbols are measurement data and the solid lines are the fits to
the results using Eq. (3.7). The four parameters (Algemax, Alresidque, ¥, and Teo) are also
obtained by fitting the symbols of Fig. 3-16 (a). First, the sum of Alge max and Alresidue
under the same recovery voltages would be not a fixed value due to the various stress
condition. Algemax and Alieique increased with the increasing stress voltage due to the
increasing trapped electrons of HfO, gate dielectric. Thus, ngemax would be as a
function of stress voltage and increasing with increasing stress voltage. Next, the
distribution of the emission time constant is wider with increasing stress voltage due to
the wider distribution of the time constant of trapped charge carriers. According to
above mentions of ngemax and vy, the de-trapped charge density distribution versus
emission time under different stress voltages could be showed in the same plot of Fig.
3-14. At last, Fig. 3-16 (b) shows the characteristic emission time constant (Te)
increasing with increasing stress voltage because of the more maximum density of
de-trapped charge carriers (ngemax). Then, the average emission time constant of the
de-trapped charge is longer after higher stress voltage

Fig. 3-17 shows the drain current degradation for nMOSFETs under static
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stress/recovery time with a fixed stress voltage V,=+2.0V and various recovery voltages
V, =+0.7~-2.0V. The recovery voltage plays a significant role to clean up the trapped
charge carriers before the next stress cycle. Under strong recovery voltage Vg=-2.0V,
almost all the trapped electrons can be de-trapped immediately, and similar charge
trapping/de-trapping behaviors can be observed during the five consecutive
stress/recovery cycles. However, the charge trapping/de-trapping behaviors changed
under weak recovery voltages since the trapped charge had not been completely

removed at weak recovery voltages during previous recovery cycles.

3.5 Fast Electron Trapping Behavior in High-k Gate Dielectric

Fig. 3-18 shows I4-Vq4 curves under (a) 25°C (b) 50°C (¢) 75°C (d) 125°C by two
measurement methods: DC ramp and pulsed I[-V. The measurement time of the
conventional DC ramp measurement is about several milliseconds to seconds. The pulse
width of the pulsed I-V measurement we used is 100ns and raising/falling time is 20ns.
Thus, the different of L4 by two methods could be the charge loss with the capture
time ranging from 100ns to several milliseconds. In Fig. 3-18 (a), the charge loss would
be more serious with increasing gate voltage. Moreover, the charge loss would be
retarded with increasing the measurement temperature because of the de-trapping

mechanism dominant. These results are consistent with the results of the slow traps.
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3.6 Summary

In this chapter, electron trapping and de-trapping characteristics are investigated in
the pre-existing traps of the HfO, high-k gate dielectric. During the PBTI stress, V; shift
and I4sc degradation continue to grow and eventually become saturated, whereas the
gate leakage decays with stress time and the subthreshold swing remains unchanged.
According to the fitting results with the model proposed by Zafar et al., the total density
of traps is not a fixed value but dependent on stress voltage and the distribution factor of
capture time is dependent on not only high-k materials but also stress voltages.
Moreover, the fitting results can build the distribution of the trapped charge density with
capture time. The temperature effect and the geometric effect under stressing are
discussed. Then, the recovery model can be built base on the charge trapping model.
Our recovery model can well fit the measurement data. According to the fitting results
with our model, the maximum density of de-trapped electrons is not a fixed value but
dependent on stress voltage and the distribution factor of emission time is dependent on
stress voltages. Moreover, the fitting results can also build the distribution of the
de-trapped charge density with emission time. The fast traps can be detected by pulsed

I-V measurement and the results are similar to those of slow traps.
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stress voltage Ve=1.5V Ve=2.0V V=25V Ve=3.0V
Parameters
AVinax (V) 0.037 0.075 0.163 0.296
Teo (Sec) 297.5 159.9 12.8 5.5
Y 0.41 0.36 0.28 0.24

Table 3-1 The three parameters, AVmax, Tco, and vy, extracted by fitting under various

stress voltages.

39




1 -
10 HfO2 ° VG,stress =15V o = 0.064
100 B JG = ‘]Ot-a °© VG,stress = 2.0V a =0.069
V il
SO Ve
& A
°
<
@)
)
10 100 1000
Stress Time (sec)
110
HfO,
WL = 10/0.7pm
lOO o ¢ VG,stress =15V
g °© VG,stress = 20 \
g VG,stress =25V
g 90 N VG,stress =3.0V
>
E
m80. Y ¥ 2% R x g peae
70 A ! 2 2

101 100 10! 10? 103 10*

Stress Time (sec)
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Chapter 4
Constant Voltage Stress and Negative Bias
Temperature Insatiability Stress in pMOSFETs with
HfO,/SION High-k Gate Stacks and the Effects of

Fluorine incorporation

4.1 Introduction

Compared to nMOSFETs, limited works have focused on the physics of negative bias
temperature instability (NBTI) in high-k pMOSFETs [1]-[3]. The model proposed by
Zafar et al. the creation of positive oxide charge carriers to de-passivation of Si/SiO;
interface [1]. As Si-H bonds break, hydrogen diffuses away and reacts with the oxide,
thereby generating positive charge carriers in the interface and in the oxide. On the
other hand, Houssa et al. presented the impact of forming gas annealing and of Hf
content on NBTI [2], [3]. According to their study, the responsible defects are
hydrogen-induced overcoordinated oxygen centers induced by the transport and
trapping of H' in the gate dielectric stacks. Therefore, it is complicated that there are
two mechanisms causing threshold voltage shift in high-k gate dielectrics under NBTI:
(1) the de-passivation of Si-H bonds and (2) the charge trapping for pMOSFETs with
high-k gate dielectric. Thus, the constant voltage stress (CVS) method that induces less
degradation of Si/SiO, interface can be used to analyze the charge trapping and
de-trapping mechanisms. The hole trapping is attributed to filling of pre-existing traps
in the high-k dielectrics without the creation of additional traps. In order to suppress the

degradation of pMOSFETs under NBT stress, fluorine incorporation used to retard the
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degradation on the constant voltage stress and negative bias stress of pMOSFETs has
been reported [4].

In this chapter, the charge trapping behavior under constant voltage stress and NBT
stress will be studied in detail to realize the physical model in section 4.3. In section 4.4,
the charge de-trapping behavior under various stress voltages and recovery voltages will
be investigated by the charge de-trapping model proposed in chapter 3. The effect of
fluorine incorporation will be investigate in section 4.5. Finally, the transient charge

trapping behavior will be analyzed by pulsed I-V measurement.

4.2 Device Fabrication

pMOSFET devices with the poly-Si/HfO,/SiON high-k gate stacks were fabricated
using the conventional CMOS process technology. After conventional LOCOS isolation,
some samples received fluorine ion implantations (F: 5E13 cm™ and 5E14 cm™). Then,
the interfacial oxide (~1.0 nm) was formed by oxide rapid thermal anneal (RTA) at
800°C in N,O ambient with 30s, followed by the deposition of the HfO, (~3.0 nm)
high-k gate dielectric using atomic layer deposition (ALD) technique. The 200 nm
poly-Si was deposited by low pressure chemical vapor deposition (LPCVD). After gate
definition, spacer formation, and S/D implantation, the capping layer was deposited by
plasma chemical vapor deposition (PECVD). The equivalent oxide thickness of above
mentioned high-k gate stack was extracted to be 2.5~3.0 nm by using C-V

measurement.

4.3 Hole Trapping Behaviors during Stress in High-k Gate Dielectric

Fig. 4-1 shows the charge pumping current as a function of top voltage of fresh and
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stressed conditions. Under constant voltage stress, the interface states by charge
pumping measurement seemed unchanged. Because of that, creation of additional new
traps during stressing is assumed to be negligible. Thus, it implies that the hole trapping
and de-trapping behaviors are occurred in the pre-existing traps of the HfO, gate
dielectric under constant voltage stress.

Fig. 4-2 shows the threshold voltage shift as a function of stress time for pMOSFETs
under static stress at various gate bias voltages. The threshold voltage shift in this study
is determined from the static I4-V, characteristics. The symbols in Fig.4-2 are
measurement data and the solid lines are the fits to the results using the physical model
discussed in chapter 3. By Eq. 4.1, the three parameters (AVmax, ¥, and 1) that can well
describe the behavior of charge trapping would be obtained in by fitting the symbols of
Fig. 4-2 (a). The fitting results: AV increased, y decreased , and 1 decreased with
increasing stress voltage. The trends of the three parameters are the same with those of
nMOSFETs in chapter 3. Thus, we can know that the hole trapping behavior is similar
to the electron trapping behavior in slow traps. Compared to nMOSFETs, the values of
smaller maximum threshold voltage shift, the wider distribution of capture time, and the
longer characteristic time constant (Fig. 4-2 (b)) could be found in pMOSFETs. These
differences can be assumed due to the intrinsic characteristics between electron and

hole.

AV; =AV_ {1 - exp(—(ri)y )} 4.1)

0

Fig. 4-3 shows the threshold voltage shift as a function of stress time for pMOSFETs
under static stress at various temperatures. In the first stage, the V; shift decreased with

increasing stress temperature. The reason can be suggested that the de-trapping
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mechanism is dominant under higher stress temperature. Then, the V; shift under higher
stress temperature increasingly exceeded that under lower stress temperature because
the generated traps became dominant. Moreover, the interface trap density measured by

CP degraded more serious under higher stress temperature in Fig. 4-4.

4.4 Hole De-trapping Behavior during the Stress/Recovery Cycles in
High-k Gate Dielectric

Fig. 4-5 shows the threshold voltage shift for pMOSFETs under static stress/recovery
time with a fixed stress voltage V,=-2.0V and various recovery voltages V, =0~1.0V.
Under strong recovery voltage such as V,=1.0V, almost all the trapped holes in the HfO,
traps could be de-trapped. As the recovery voltage was weaker, the residual holes that
couldn’t be de-trapped become more. Fig. 4-6 (a) shows the recovery region of Fig. 4-5.
The symbols are measurement data and the solid lines are the fits to the results using the

physical model that is built in chapter 3.

AVT = AVmax - AVde = AVresidue + AVde,MA)( ’ exp{_ (L)7:| (42)
Teo

By Eq. (4.2), the four parameters (AVgemax, AViesidues ¥, and Tep) that can well
describe the behavior of charge de-trapping are obtained by fitting the symbols of Fig.
4-6 (a). The fitting results: AVgemax increased, AV esique decreased, y decreased, and teo
decreased (Fig. 4-6 (b)) with stronger recovery voltage. The trends of the four
parameters are the same with those of nMOSFETs in chapter 3. Thus, we can know that
the hole de-trapping behavior is similar to the electron de-trapping behavior under
various recovery voltages in slow traps. However, the holes could be de-trapped only

under reverse voltage but the electrons could be de-trapped under the recovery voltage
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which is just smaller than stress voltage. Moreover, the electron trapping would happen
as the recovery voltage is stronger in pMOSFETs.

Fig. 4-7 shows the threshold voltage shift for pMOSFETs under static stress/recovery
time with various recovery voltages V,=-2.0~-3.0V and a fixed stress voltage V, =1.0V.
The fitting results: AVgemax increased, AVieiqwe increased, y decreased, and teo
decreased with increasing stress voltage in Fig. 4-8 (a) (b). The trends of the four
parameters are the same with those of nMOSFETs in chapter 3. Thus, the hole
de-trapping behavior is similar to the electron de-trapping behavior under various stress

voltages in slow traps.

4.5 Fluorine Incorporation

Fig. 49 (a) (b) show I4-V, and Gm-V, curves of pMOSFETs with dual-layer
HfO,/SiON high-k gate stack in the devices with fluorine and without fluorine. From
I4-V, curves, drain current would be larger in the device with fluorine. In Gm-Vy curve,
the same phenomenon would also be occurred. Turn-on current which varies with gate
voltage also represented larger in the device with fluorine in Fig. 4-10. Fig. 4-11 shows
Iep-Viop curves by charge pumping method of pMOSFETs with dual-layer HfO,/SiON
high-k gate stack in the devices with and without fluorine. From I¢pmax of Icp-Viop curves,
the interface trap density could be obtained. The interface state of with fluorine devices
could be improved slightly.

Fig. 4-12 shows the threshold voltage shift as a function of stress time for
pMOSFETs under NBT stress in the devices with and without fluorine. The result
showed that fluorine incorporation could suppress the Vi shift under NBT stress.
However, the improvement mechanisms of fluorine could be interface trap density of

Si/SiON or the bulk traps of HfO,. First, the interface state could be passivated by
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fluorine. Thus, Si-H bonds could be replaced by Si-F bonds and the Si-F bonds would
be stronger than the Si-H bonds. The Si-F couldn’t so easy be broken that the fluorine
passivation would suppress the V; shift. Second, the bulk traps of HfO, could be
passivated by fluorine and the V; shift would be suppressed. Fig. 4-13 shows the charge
pumping current under fresh and stressed conditions in the devices with and without
fluorine. The interface states couldn’t be protected under NBT stress by fluorine
incorporation. Fig. 4-14 shows the normalized density from the two-frequency CP
method in the devices with and without fluorine. The two-frequency CP method can be
used to characterize high-k trap generation [5]. The high-k trap density is obtained from

the difference between CP results at two frequencies.

1 [lp 1o @IMHz
Ny =— | -~ e & T2

W-L-q| f IMHz 43)

The result of Fig. 4-14 can prove that the fluorine incorporation can suppress the bulk

traps generation under NBT stress.

4.6 Fast Hole Trapping Behavior in High-k Gate Dielectric

Fig. 4-15 shows I4-Vq4 curves under (a) 25°C (b) 50°C (¢) 75°C (d) 125°C by two
measurement methods: DC ramp and pulsed I-V. In Fig. 4-15 (a), the charge loss would
be more serious with increasing gate voltage. Moreover, the charge loss would be
retarded with increasing the measurement temperature because the de-trapping
mechanism is dominant. Compared to nMOSFETSs, the temperature effect inducing the
de-trapping mechanism is less obvious in pMOSFETs. Fig. 4-16 shows 14-V4 curves in

the devices (a) without and (b) with fluorine by DC ramp and pulsed -V measurement.
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The less charge loss could be showed in the device with fluorine. Moreover, Fig. 4-16
shows [4-V4 curves in the device (c) without fluorine and (d) with fluorine after stress
by DC ramp and pulsed I-V measurement. The less increasing of the generation trap
density could be detected in the device of fluorine. The behavior of the fast traps is
similar to that of the slow traps in temperature effect and condition effect (with/without

fluorine).

4.7 Summary

Hole trapping and de-trapping characteristics are investigated in the pre-existing traps
of the HfO, high-k gate dielectric. During the constant voltage stress/recovery, V; shift
continues to grow/decay and eventually become saturated, whereas the interface trap
density remains unchanged. According to the fitting results with the model discussed in
chapter 3, we can find that the trends of the results are similar to that of nMOSFETs.
Thus, we can know that the hole trapping and de-trapping behaviors are similar to the
electron trapping and de-trapping behaviors in slow traps. The difference is just the
intrinsic characteristics between electron and hole. From the temperature effect, the
de-trapping mechanism is dominant in the first stage of the stress time and the
mechanism of generation traps is dominant as the stress time is prolonged.

Fluorine incorporation can suppress the V; shift due to many reasons. We can confirm
that the improvement is due to the passivation in bulk traps of HfO, by our data. The
fast traps can be detected by pulsed I-V measurement and the results are similar to those

of slow traps in temperature effect and condition effect.
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Chapter 5

Conclusions and Suggestions for Future Work

5.1 Conclusions

In this thesis, the fundamental characteristics and the physical mechanisms of charge
trapping and de-trapping in the pre-existing traps in Hf-based high-k gate dielectrics
have been studied. The basic electrical characteristics and the charge trapping behaviors
of the strain effect in NMOS and the fluorine effect in PMOS also have been discussed
completely.

In chapter 2, the strained devices could improve the electrical characteristics of
NMOQOS, but they would induce more threshold voltage shift in high-k material. By F-P
and F-N tunneling fitting, we conclude that the strain effect induces bulk traps generated
in HfO,. In chapter 3, according to the fitting results with the model proposed by Zafar
et al., we can find that the total density of traps is not a fixed value but dependent on
stress voltage and the distribution factor of capture time is dependent on not only high-k
materials but also stress voltages. Moreover, the fitting results can build the distribution
of the trapped charge density with capture time. The recovery model can be built base
on the charge trapping model and the recovery model can well fit the measurement data.
In chapter 4, According to the fitting results with the model discussed in chapter 3, we
can know that the hole trapping and de-trapping behaviors are similar to the electron
trapping and de-trapping behaviors in slow traps. The difference is just the intrinsic
characteristics between electron and hole. Moreover, we can confirm that the
improvement of the fluorine incorporation is due to the passivation in bulk traps of

HfO, by our data.
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5.2 Suggestions for Future Work
There are some works valuable for future researches:

1. The hydrogen passivation of the strain effect could be found in the electrical
characteristics. Thus, we can research in the physical analysis to assist our inference
from the electrical analysis.

2. The physical model could apply to our data suitably. However, the threshold voltage
shift and the drain current degradation would be underestimated because the
so-called fast traps couldn’t be detected by conventional DC I-V measurement. Thus,
the combination of the stress mode and the pulsed I-V measurement is necessary to
obtain the actual data.

3. The fluorine passivation of the fluorine incorporation effect could be found in the
electrical characteristics. Thus, we can research in the physical analysis to assist our
inference from the electrical analysis.

4. The strain effect in PMOS and the fluorine effect in NMOS can also be investigated.
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